Understanding of domain wall (DW) propagation in a complex structure is an essential first step toward the development of any magnetic-domain based devices including spin-based logic or magnetic memristors. Interfacial Dzyaloshinskii-Moriya interaction (iDMI) in the structure with broken inversion symmetry induces an asymmetrical DW configuration with respect to the direction of in-plane field. Dynamic behaviors of field-driven DW within the film with perpendicular magnetic anisotropy is influenced by DW tilt from the iDMI effect and the corners in the T-shaped structure of the DW path. Images from Kerr microscopy reveal that the iDMI effective field contributes to a tilted structure of DW configuration and evolution along its propagation. With the combination of iDMI and T-shaped structure, we observed two distinguished bidirectional DW propagations in two output branches and distinct arriving times at the destination pads with a uniform external field. Micromagnetic simulation results is compared with the observed dynamics of a DW configuration in the structure providing an additional confirmation of the interpreted results.
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Efficient driving of magnetic domain wall (DW) in a complex structure is receiving growing attentions as it is an essential prerequisite for the development of spin-based logic or memristor devices, whose operations are based on the domain reversals and/or transportations [1] [2] [3] . In the applications of ultra-thin ferromagnetic films, Pt under-and/or over-layers in contact with neighboring Co layer as in the Pt/Co/Pt and Pt/Co/Ta stacks are attributed to induce the perpendicular magnetic anisotropy (PMA) [4] [5] [6] [7] [8] . Another unique feature called the interfacial Dzyaloshinskii-Moriya interaction (iDMI) originated from strong spin-orbit coupling in adjacent heavy metal layer is also induced in association with asymmetric layer structure around the interface. An inversion symmetry of stack is broken by introducing either different materials or different thickness of the layers around the ferromagnetic layer [9] [10] [11] [12] . The other symmetry breaking is studied for Pt and Ta as under and capping layer due to their relatively large difference of spin Hall angle (SHA), 0.07 and −0.12, which is important in current-driven DW motion [13] [14] [15] . The role of iDMI effect for the spintronics application, changes in the velocity of current-driven chiral tilting DW along a curved PMA nanowire has been reported by C. Garg et al. 16 . Recent studies for the DW based devices have primarily been focused on 1-dimensional wire systems, but a practical device fabrication requires an expansion to complicated 2 or 3-dimensional structures consisting of numerous 1-D straight or bent wires as well as the connections of them. Complex structure including multi-branches would unavoidably accompany the novel phenomena associated with structural defects at all bifurcation points (T-and/or Y-shaped structure). It is known that the presence of iDMI leads to different DW depinning fields for structural defects such as notch, depending on the relative orientations of the spins inside the DW with respect to the defect geometry [17] [18] [19] [20] . It has been reported that iDMI stabilized Néel DW type and the Walker breakdown is suppressed to higher external fields due to the effect of iDMI 21 . The iDMI introduces an evolution of Néel DW spin configuration, wherein a Bloch DW configuration would be favored in the absence of iDMI 22, 23 . The iDMI is known to cause the tilting of 24, 25 . The DW motion driven by either current or field is affected by iDMI effect and accordingly the creeping or flowing DW velocities depend on the magnitude of iDMI 26, 27 . The iDMI effectively induces an internal field, H DMI , setting a preferred DW chirality as the magnetization direction progressively changes across the DW from up to down or down to up domains 28, 29 . Furthermore, iDMI effect possibly induces an asymmetric domain expansion speed with DW moving with asymmetric in-plane field speeds depending on the direction of effective fields, H DMI . Therefore, the chiral DW motion with iDMI effect in the wire structure requires the detailed consideration of DW spin structures.
In the present report, we present the dynamic evolution of DW configuration within a 2-dimensional T-shaped microwire junction structure with the consideration of iDMI effect. With the combined effects of the iDMI and the corner structure in the T-shaped junction, a DW proceeds along the wire structure with a tilt angle corresponding to the chirality of DW with respect to its propagation direction. As the DW turns around the corners associated with T-junction, asymmetric tilted DW bifurcates and turns around the two corners with two different cornering speeds. As a result, we obtained distinguished bidirectional DW motions for a given uniform external field. The dependence of DW configuration and location in a T-shaped structure has been investigated with direct observations of DWs configuration and position by utilizing Kerr microscopy technique.
Results and Discussion
Film characterization. Ta (5 nm)/[Co (0.3 nm)/Pt (0.3 nm)] ×4 /Co (0.5 nm) with a Pt (4 nm) capping layer was prepared on SiO 2 covered Si substrates employing magnetron sputtering deposition technique. The spin-orbit related phenomena can be induced due to the symmetry breaking at the interfaces of heavy metal/ferromagnetic metal/oxide layers, where strong spin-orbit coupling is expected in the heavy metal layer 13 . Additionally, a multilayered film comprised of the FM layer sandwiched between HM layers can enhance the iDMI effect [30] [31] [32] . Magnetic characterizations with VSM measurement indicates that the film exhibits a PMA, with a saturation magnetization of M s ≈ 1013 kA/m and effective anisotropy energy, K eff ≈ 0.51 MJ/m 3 , as shown in Fig. 1(a) . To validate the PMA magnetically and electrically, the anomalous Hall effect (AHE) has also been measured with a patterned Hall bar device 33, 34 . The Hall resistance switching at the coercive field, ΔR Hall ≈ ±1.2Ω, corresponding to the switching between up or down magnetization in Hall bar area, is obtained as shown in Fig. 1(b) . AHE hysteresis loop shows the coercive field, H c ≈ 360 Oe. The detection of ΔR Hall implies that a DW propagates through the Hall bar area or a domain may be nucleated and is moving cross the Hall bar.
Device structure and Kerr images of magnetic domains and domain walls. In order to precisely drive the DW motion in the micropattern-structure, the magnetic field pulses were applied as magnetic domain propagation was recorded using Kerr microscopy to track the field-driven DW dynamics along the T-shaped structure. Figure 2 (a) shows a T-shaped structure consisting of interconnected input wire, 5 μm wide and 80 μm long, with the domain nucleation pad at the top.
For the initialization of DW position in the structure, the sample was initially saturated with an external field of ∼−1kOe along the -z-axis, which is greater than the coercive field determined from AHE measurement with the Hall bar structure. The saturation magnetization can be confirmed from the Kerr microscopy image of entire structure with a uniform bright contrast. By applying an opposite field pulse along the + z-axis with a pulse duration time of 500 ms and the magnitude of H pulse ≈ +280 Oe below the coercive field (~360 Oe), nucleation of several circular domains was initiated in the nucleation pad. One of the domain was then driven to enter the input wire, as shown in Fig. 2(b) . DW motions are captured repeatedly with Kerr microscope as perpendicular field pulses are applied as shown in Fig. 2(c) . Successive applications of the short field pulses with time durations of less than 100 ms have been used to drive the DW through the input wire with a controlled velocity of around 100 μm/s. From the Kerr images, a left-handed tilt of up-down DW with respect to its propagation direction in the input wire can be readily recognized in Fig. 2(b,c) , reflecting the influence of iDMI. The motion of the left-handed tilting up-down DW is always accompanied by a clock-wise DW surface rotation with respect to the right edge of the input wire. Initial formation of the tilt for the DW in the input line can be induced at a linkage point between the large nucleation pad and the narrow input line, where the line DW can be recognized to be tilt unevenly as shown in Fig. 2 (b,c) black dash line. The formation of tilted state would be stabilized by the presence of iDMI effective field during the propagation through the input line in Fig. 2(c-①) . As the DW reaches the T-junction, the distinct motions of the tilted DW at the two corners for the left and right turns need to be considered.
As can be seen in Fig. 2(c-②) , the DW exhibits an asymmetrical expansion with elongated profile towards the right edge at the junction. At the T-shaped junction, the expansion of DW in a crescent profile extends towards B2 (branch 2) due to the handedness of tilted DW in the input wire. The elongated-DW shows a formation of an asymmetrical semicircle expansion at the T-shaped junction towards B2. The leading edge of the DW in the input wire precede to B2, keeping the tilt angle of the DW with reference to its propagation direction. Shown in Fig. 2(c-③) is the propagation of DW into the other branch 1, labeled as B1 driven by the applications of additional field pulses. From the observation, an input DW configuration in the two-dimensional T-shaped structure changes from a left-handed tilted DW to dendritic-DW, undergoes the bifurcated DW into the branches. Then, DWs within the branches restore the configuration of the identical twin left-handed tilted DWs probably due to the iDMI effective field as it propagates further down through the two branches, B1 and B2. The two DWs in the branches (B1, B2) propagate bidirectionally in their ways, where the DW1 has the clock-wise DW surface rotation and the DW2 propagates without the DW surface rotation, as shown in Fig. 2(c-②~④) . The DW1 in B1 shows a propagation with the DW surface orientation changing from left-handed (input wire) to crescent-DW profile (junction), and finally restore the left-handed tilting DW profile (B1, clock-wise rotation), which is identical to the DW configuration in the input wire. Coincidently, the DW2 in B2 keeps moving without changing its initial chirality of DW as in the input wire with little fluctuation of DW configuration. The DW surface rotation and tilt angle change at the junction plays a decisive role to determine which one of the DW1 and DW2 approaches first to the destination pads at the end of the B1 and B2 branches in Fig. 2 (c-⑥,⑦) with distinguished DW speed. In the present experiments, the DW2 in B2 reaches the destination first due to the elongation and dendritic-DW profile towards B2 at the junction. Therefore, T-shaped junction also presents an application potential for the sorting of DWs based on their different tilting motion. With further manipulation of DWs in the branches by adjusting the timing and location of DW dynamics in combination with intrinsic materials parameters such as iDMI as well as the local geometry adjustment, application of DW motion for the complex logic and/or memory devices can be expected.
Evaluation of iDMI effective field.
The presence of iDMI is one of the main factors that causes the DW surface to a tilt in the wire and to induce the dendritic-DW motion at the bifurcated junction by perpendicular field application in the present work. The iDMI has been directly measured by a few different methods including Brillouin Light Scattering (BLS) method. Although BLS method is known to have many advantages for the measurement of iDMI, it is noted that the iDMI cannot be measured for our sample by BLS technique. BLS technique has limited frequency resolutions and is difficult to be employed for the measurement in a local area with μm scale dimensions 35, 36 . With the sample structure and symmetry used in the present work, the iDMI of our sample is expected to be very small to prevent an irregularly curled DW surface profile instead of a line DW surface profile in the wire. Therefore, the asymmetric circular domain expansion method was utilized, which directly quantifies the effective field induced by the iDMI. The iDMI strength in our film stack was measured by field-induced circular domain expansion method (see the Supplementary Materials for the measurement procedure).
The in-plane field dependence of the DW energy can be expressed with the critical field condition, π∆µ
, for the transformation of DW type from Bloch DW to Néel DW (the DW energy density is presented in Supplementary Eq. S1). The Néel DW would be favored as the H DMI value is larger than H Neel-Bloch in the film. For the case of our film, the critical field condition for the transformation shows
(see the Supplementary Materials). For our experiment, the critical separating field to the Néel DW from the Bloch DW is much lower than the critical separating field, +830 Oe in calculation. Therefore, the calculation indicates that the Bloch DW is favored in our experimental conditions. The progressive transition from Bloch to Néel DW according to the iDMI value could be based on a critical iDMI value above D c ≈ −0.13 mJ/m 2 based on the theoretical calculation by A. Thiaville et al. 37, 38 . From the result of asymmetrical circular domain expansion, the measured effective iDMI constant for our film stack is obtained to be D ≈ −0.1 mJ/m 2 (the calculation is shown in the Supplementary Material). In our film, the value of D ≈ −0.1 mJ/m 2 is close to the critical iDMI value, and the sample remains the tilting up-down DW state in the wire.
Handedness dependence for tilted DW motion. The left-handed or right-handed tilting of DW is
induced successfully in the input wire by creation of DW depending on the two opposite directions of initial magnetization. The motions of down-up and up-down DWs depending on the initial magnetization states have been demonstrated. Conversely, the handedness of tilt angle for the down-up DW (right-hand) is opposite to the up-down DW (left-hand) in the input wire, and they can be driven DW with opposite perpendicular field polarities, e.g. a down-up DW (up-down DW) can move by applying −H z (+H z ) field in the illustration of input wire in Fig. 3(a,b) . From Kerr microscope images, the tilt angles of DWs in the input wire are determined to be left-handed and right-handed corresponding to the chirality of DWs such as down-up and up-down states of DWs in the input, as shown in Fig. 3(c,d-Input) . We note that the motion of DW by pulsed or continuous field in the structure are almost identical to the tilting DW motion in the wire. For a comparison of tilting DWs motion with down-up and up-down magnetization states, asymmetrical expansions of the elongated-DW at the junction towards opposite output branches are observed, as indicated in Fig. 3 (c,d-Output ①) with white and black arrows. The iDMI-induced asymmetrical expansion in the elongated-DWs profile at the junction is observed where the right-handed tilting down-up DW is heading to B1 while the left-handed tilting up-down DW is heading to B2. At each branch, the DWs propagate as the spins in the DW surface rotates and restore the same tilt angle as in the input wire in Fig. 3 (c,d-Output ②-④). For the B1, down-up and up-down DW1 (DWs in B1) restores the left-handed tilt angle with clock-wise DW surface rotation, as shown in Fig. 3 
(c,d-Output ②-⑤).
Otherwise, the DW2 in B2 keeps the left-handed surface tilt orientation without the significant DW surface rotation. For the movement of DW in the branches, the DW profile may be unstable with some fluctuation caused by the DW pinning from the wire edge roughness during the propagation, as shown in Fig. 3 (c,d-Output ③~④) (see the Supplementary Movies 1 and 2 ). X. Zhang et al. reported that the DW surface tension with regard to the iDMI influenced the static and dynamic DW behavior 39 . The DW surface tension can also be considerable to affect the asymmetrical semi-circular DW expansion at the junction. We suppose to consider the Bloch DW which does not show preferred chirality. However, 'Bloch'-like tilting DWs at the junction have observed the chiral spins inside up-down and down-up DWs with respect to their propagation directions in the micromagnetic simulation. Lastly, the first approach among DWs (DW1 and DW2) from the junction to destination pads clearly shows the strong dependence of the input DWs tilt angle, as shown in Fig. 3(c,d-⑥) . The right-handed tilting down-up DW reaches first to the destination pad1. In a similar way, the left-handed tilting up-down DW reaches the destination pad2 prior to the destination pad1.
Micromagnetic simulation.
To understand the influence of iDMI on the observed phenomenon, the tilted DW in the T-shaped structure was investigated by using MuMax 3 micromagnetic simulation 40 . The structure was discretized with a cell size of 2 nm × 2 nm × 2 nm, and 5μm wire width. elongated stripe domain in the wire. Moreover, a selective propagation between the branches is no longer present. The value of iDMI was measured D ≈ −0.1 mJ/m 2 for our sample in the experiment, but simulation result is matched better to the experiment result with D ≈ −0.2 mJ/m 2 (see Supplementary Movies 1 and 2) . First of all, the time scale of the experiments is in the order of ~0.1 s, while the time scale of the simulation is limited to ~10 ns. And the DW velocity in experiments is in the order of ~100 μm/s, while it is approximately 400 m/s in micromagnetic simulations in order to move the DW in the ~10 μm scale wire within the proper time scale. Large iDMI value is able to induce the tilted DW adequately and prevents the Walker breakdown at high field. Since the DW tilt angle is a function of many parameters including not only the iDMI but also H z , it is difficult to find the exact relationship between DW tilt angle and the parameters. Hence, the relation was checked using one-dimensional DW dynamics simulator 41 , and it can be found that small iDMI with high field strength is difficult to induce a tilt angle for the DW surface (See the Supplementary Materials).
Figure 4(a) shows that a left-handed titling up-down DW propagates and tilt angle of DW1 surface rotates in clock-wise orientation in black box via the T-shaped structure. Shown in Fig. 4(b,c) compares the tilting DW profiles from the Kerr image and simulated DWs as a DW propagates via T-shaped structure. The Kerr images and simulation results shows high resemblance with ~ 40° tilting of DW surface with respect to the DW propagation direction in the input wire. The tilted DW propagation induces the asymmetric expansion at the bifurcated junction with a crescent profile in Fig. 4(c-②) . The 40° tilt angle cannot be sustained for the case of a crescent and metastable DW profile shown in Fig. 4(c-②~④) around the junction. The internal spin dynamics of DW configuration at the junction depicts on the simulation results in Fig. 4(c) . The normal vector of the DW surface, internal spin orientation of DW, DW tilt angle, and propagation direction of DWs in T-shaped structure describes
2 , respectively, in Fig. 4(c) . For the initial position of the DW in the input wire, a DW tilt angle is set to be a χ ≈ 0° in the simulation. The external field + H z applied along + z-axis (up) will expand the + M z, components within the wire. As a DW propagates via input wire, the iDMI subsequently stabilizes a χ ≈ 40° tilting DW profile with an up-down DW configuration having an internal spins, → m DW , pointing along the -x-axis in Fig. 4(c-①) . As such, the field induced an up-down 'Bloch'-like DW in the input wire will move along −y-direction in 1-dimensional input wire system. At the junction, the internal spins orientation within the DW1 are aligned parallel to the propagation direction as the DW(input) passes via the right corner at the junction in Fig. 4(c-②,③) . The crescent profile of DW at the junction indicates that there is no tilt angle (χ ≈ 0°) of the DW profile with respect to the direction of expansion in Fig. 4(c-②) . The DW expands asymmetrically in both branches as the field strength increases along +H z . Figure 4(c) indicates that the DW tilt angle rotates from χ ≈ 40° to χ ≈ 0° and restore again to χ ≈ 40° as a tilting DW passes via the junction along the B1, as shown in Fig. 4(c-①~⑤) . Note that the metastable DW profile with respect to the propagation direction observes only at the B1. The DW2 in B2 adequately keeps the left-handed tilted profile without any torsion of DW profile. The DW configuration has a dynamical change as a DW propagates towards B1 from the junction, which means DWs in branches restore a symmetric handedness of DWs profile comparably in B1 and B2, as shown in Fig. 4(c-④,⑤) . Besides, the pinning of DW1 at the junction induces that the DW1 surface and the internal DW spin rotates 90° in clock-wise orientation as comparing the → → n m , DW DW angles in between Fig. 4(c-①,⑤) . The process of internal DW spin rotation drives an asymmetrical DW spreading at the junction to recover a symmetric propagation of DWs in terms of DWs surface rotation in the branches, as shown in Fig. 4(c) . The DW1 surface orientation modulation and asymmetrical DWs propagation at the junction can be caused by the iDMI effective field and structural corners in the T-shaped junction.
The changes of DW speed has previously been reported when the DW surface has a tilt angle with respect to its propagation direction 25 . However, the tilted DWs position and profile transformation are able to modulate or modify the speed of DW with an asymmetrical propagation at the junction structure due to the iDMI effect. Additionally, the pinning process of internal DW spin at the corners of junction can assist a DW to restore its original profile in the structure. In our micromagnetic simulation, the existence of the asymmetrical DW expansion and motions in the T-shaped structure was essentially reproduced in consistency with the experimental observations with Kerr microscopy.
Conclusion
In conclusion, we investigate the asymmetrical propagation of DW along the T-shaped paths. DW bifurcates at the T junction and the divided DWs turn around the junction in series whose order is determined by the chirality of the spin structures at the front of the DW. Therefore, one of the DWs reaches earlier than the other to the destination pads at the ends of the branches. The DW undergoes a structural re-orientation for the tilt angle in branches to induce a different process of reaching to the destination pads by a uniform external field. The structural effect at the T-shaped junction corner and iDMI-induced DW tilt angle rotation make DWs to move at different speeds. We show that selective tilted DW motion and controlling the handedness of tilt orientation of DW in T-shaped structure can be achieved by utilizing iDMI and geometry. It is noted that the magnitude of the iDMI effect should be considered in the design of magnetic DW track circuit or the network of paths for DW propagation. Conversely, information on the iDMI can be extracted by measuring the difference of the DW propagation speed through the T-junction.
Methods
Sample preparation. A 200-nm-thick SiO 2 covered silicon wafer has been used as a substrate for Co/Pt multilayer deposition using ultra-high vacuum DC magnetron sputtering system at room temperature. The substrates were cleaned with acetone and Iso-propyl alcohol for each 20 mins under ultrasonic agitation, and quickly blow dried with N 2 gas. Then, the device was fabricated in sequence; T-shaped structure was patterned with positive photo-resist by photo-lithography. The sample etching were completed using Ar + ion milling technique. The photo-resist was removed by acetone, followed by cleaning process for each 10 mins.
Kerr microscope. A home-made perpendicular Kerr microscope was employed to capture the presence of DWs motion in the sample. The magnetized sample with the presence of DW was exposed to an incident linear polarized light. The green LED was used as the incident light source. The reflected light from the magnetized sample was monitored by the analyzer, which is adjacently located cross polarizer. The reflected light was recorded by a CCD camera. The final Kerr images was obtained by the subtraction of two images; First is for the image of magnetically saturated sample and second is for the image of present DW in the sample. The image subtraction was processed in Matlab to obtain the final Kerr images.
